Abstract: Pervasiveness of power converters in the electric power system is expected in the future. Such large penetration will change the current power system dynamics leading to uncertain, unexpected, and potentially critical responses. This paper investigates the stability and resonance of a VSC-HVDC (Voltage Source Converter High Voltage Direct Current) link within an AC grid, whilst providing insights into resonances having a role on the grid. This is studied through the impedance-based modelling of the entire system (AC and DC grids), including controls of converters. Additionally, the impact of the different parameters of the hybrid AC-DC power system such as control systems and grid components on the system dynamics and stability is investigated. From this study, the impact of the system components and the controls of the converter on overall resonance response and stability is shown, including potential undesired sub-synchronous and harmonic resonances due to AC-DC system interactions. The analytical impedance-based models developed and obtained is validated through time-domain simulations, the physical model of the whole system is built in Simscape ™ Power Systems ™ and control systems in MATLAB/Simulink ® (R2017b). This has demonstrated the validity of the model to deal with and detect such dynamics.
Introduction
The rapid increase and integration of renewable energy sources (RES) and new generation technologies such as electric vehicles, fuel cells, and battery storage has led to a huge demand for power electronic converters in today's power systems. Such penetration level is expected to further increase into the future [1] . The voltage source converter (VSC) is the state-of-art of power converters for the transmission system and, indeed, a majority of these resources are expected to be integrated through power electronic converters based on VSC technology [2] , and further use driven by the undesirable characteristics of line commutated converter (LCC) technology [3] . The VSC-HVDC (Voltage source converter High voltage direct current) is fast becoming the technology of choice for high power transmission, grid expansion, and strengthening, with the potentials to become the backbone of future transmission system [4] . Evidently, the power system is progressing towards a hybrid nature, combining the AC and DC grids, modifying its dynamic response and behaviour. Therefore, with the expected ubiquity of converter interfaces, particularly VSC technologies at the transmission level, harmonic stability and resonance issues must be revisited. may contribute to detrimental oscillations in the AC grid transferred from the DC grid. Furthermore, the effect of DC grid and controller parameters are emphasized and stability analysis carried out. Ultimately with this method, computationally expensive and time-consuming analysis would not be necessary if similar conclusions can be drawn from the frequency domain analysis.
The paper is organized as follows: Section 2 presents the system under study, Section 3 introduces the impedance-modelling procedures of the system under study from the physical system, to each control in the cascaded structure and subsequently the aggregation of all derivations. Parametric sensitivities to obtain insight on how parametric changes impact system responses during disturbances are presented in Section 4. Finally, conclusions are drawn in Section 5.
System Description and Control System
The system under study is a VSC-HVDC monopole link depicted in Figure 1 . The AC side consists of the converter filter inductor, filter capacitor, transformer, and the Thévenin equivalent impedance of the connected AC grid, whereas the DC side is modelled by equivalent capacitances at each converter terminal and DC cable impedance. Figure 2 depicts the impedance circuit model and associated control system. The point of common connection (PCC) is taken as the high voltage side of the converter transformer. VSC-1 controls the DC voltage while VSC-2 controls the active power. The control systems is implemented in the synchronous rotating dq-reference frame (SRF) using Park's transformation [34] . Therefore, allowing both active and reactive power components to be controlled independently. Thus, each VSC is equipped with a decoupled inner current controller whose reference is provided by the outer controllers such as reactive power and DC voltage. In order to properly understand the impact of different controller bandwidth, it is assumed that AC voltages are perfectly sinusoidal. This is equivalent to assuming a strong grid connection. All controllers including the inner current controller employ proportional-integral (PI) compensators. Reactive power is assumed to be zero and the effect of q-axis on which the reactive power is implemented is insignificant.
Impedance Modelling of the System
At a physical level, resonances and oscillatory behaviour in a system are mainly dictated by the primitive impedances and topology of the network. In the presence of a tightly controlled device such as a converter, its control interacts with the physical system made of primitive impedances in a complicated manner. That is, the converter through its control changes the primitive impedance of the system at the point of connection. Hence, the converter and the dynamics of its control can be modelled by a feedback impedance at the point of connection on both sides (AC and DC). In literature, this impedance is generally referred to as output or input impedance depending on the power direction. Thus, AC output impedance (or admittance) implies the converter is in inversion mode and the corresponding impedance on the DC side is an input impedance. Note, impedance and admittance without loss of generality may be used interchangeably as employed in this work. This makes no difference and is only used to maintain consistency of mathematical equations where necessary.
Therefore, the final goal in this section is to obtain the feedback impedance of the converter and its control, starting with the physical system, next, the lowest level control, up to the outermost loop. Each control loop imposes a corresponding impedance at the input or output of the converter. As such, the impedance of an outer loop would evidently include that of the inner loop, whilst the inner loop would include the impedance of the physical system as depicted in Figure 3 . This is evident in the following sections. Subsequently, the control loops are tuned to obtain a reference case for comparison in a later section on sensitivity. 
Analytical Modelling of the Inner Current Controller
The AC grid is modelled based on balanced three-phase controllable voltage sources, thus allowing us to model one phase. From Figure 2 , the AC current dynamics in the dq domain can be modelled by the open-loop (circuit) expression given by
where i c,dq is the converter AC side current in the dq frame; Y c (s) and Y s (s) define the primitive admittances as seen from the converter and grid respectively, given in Equations (2) and (3)
where Z t (s) = R t + sL t , Z f (s) = sL f , Z c f (s) = 1/sC f are the transformer, filter inductor, and filter capacitor impedances, respectively. Figure 4 depicts the analytical block diagram of the AC current loop on the d-axis with the primitive admittances from the AC side reflected on the control system. The closed-loop response equation can be derived as
where H cl,i (s) (see Appendix B) is the closed-loop transfer function, given as
and H ol,i (s) is the open-loop gain, given as
and Y oc,i (see Appendix B) is the converter closed-loop output admittance on the AC side with only the inner current controller modelled, that is, the feedback impedance and can be derived as
where
s is the inner-loop compensator, and G d (s) = (4) pre-connection with the AC grid. In order to establish a base case for the current controlled system, the current controller is tuned.
Several methods are available in literature to find a controller K c (s) that meets specifications for the inner-loop. The internal model control (IMC), [35] , is employed for tuning the AC inner-loop as it results in an ideal current controller and resonance-free feedback impedance (without considering grid impedance). Based on the IMC technique, the current controller is tuned to obtain a time constant τ of 2.5 ms. The impact of varying this time constant would be seen in later sections. Based on the IMC technique,
is the total inductance of the transformer and filter, and R t is the resistance of transformer. Figure 6 
Analytical Modelling of the DC Voltage Controller
As previously mentioned, in a VSC-HVDC system, the DC voltage is often controlled in addition to the AC current control in a cascaded manner as depicted in Figure 2 . Thus, the DC voltage control loop changes the output impedance of the converter on the AC side in addition to the AC inner-loop, and introduces an input impedance from the DC side. The DC voltage dynamics themselves depend on the network topology and structure; therefore, the entire DC grid and its structure is modelled by applying the nodal impedance matrix to obtain the DC voltage dynamics. The nodal equation of the DC grid can be derived as
The detailed derivation of the nodal equation of the DC grid can be found in Appendix A. From Equation (9), the open-loop equation of the DC voltage at VSC-1 (plant to be controlled) can be re-written as, Equation (10),
where Z 11 (s) is the Thévenin impedance of the DC grid as seen from VSC-1 and Z 12 (s) is the transfer impedance from the converter at VSC-2, derived as Equations (11) and (12) . The DC cable is modelled by a Π equivalent with the end capacitances added to the DC terminal impedance as they are in parallel. Figure 7 depicts a proposed control system that directly reflects the dynamics of the DC grid on the DC voltage control loop, which provides reference to the AC inner-loop. The AC inner-loop is represented within the dashed line based on Equation (4):
where Z c1 (s) = 1/sC 1 , Z c2 (s) = 1/sC 2 , Z DC,cab (s) = sL DC,cab , are the impedances of the total capacitances C 1 and C 2 at each terminal (capacitance of cable included), and DC cable, respectively. Employing block reduction techniques on Figure 7 , the closed-loop response with the DC voltage controller can be derived as Equation (13):
, is the open-loop gain of the DC voltage control loop (see Appendix B), H AC/DC (s) is a disturbance gain from the AC-DC side, Z ic (s) is the DC input impedance, K v (s) is the DC voltage compensator based on PI, C is a constant obtained from the active power balance in Equation (17) [36] , and P ac = P DC assuming a loss-less converter
From Equation (15), the output admittance on the AC side considering the impact of DC grid and DC voltage controller can be written as Equation (18) 
The DC voltage loop is tuned based on second order techniques considering the dynamics of the DC grid as a whole to obtain a response slower than the AC current controller. Figure 8 depicts the frequency response and time domain response of the HVDC system for a step change in power reference from 0 MW to 200 MW (inversion) at VSC-2. Clearly, considering all dynamics involved results in a fairly smooth response without resonant frequencies. Figure 9 depicts the model of the converter considering the dynamics involved-ac terminal, DC grid, and controllers. 
Harmonic Stability Derivation
All previous derivations did not consider the influence of AC grid impedance. Even though effort is made to ensure the converter is stable by itself, the same cannot be said when the converter is connected to a grid with fairly unpredictable impedance that could not be taken into account in the tuning process. Hence, there is the issue of stability with the grid. However, with impedances, such stability is referred to as harmonic or resonance stability. Traditional methods such as eigenvalue analysis do not give information about such stability. However, Nyquist's stability criterion as a classical frequency domain analysis tool has been applied widely to establish the harmonic stability of grid connected converters [12, 15, [37] [38] [39] . Figure 10 depicts the connected AC side of the converter as previously derived. From the figure, keeping a consistent notation, the closed loop expression can be derived as
If the unconnected converter is assumed closed-loop stable, i.e., H cl,i (s) is stable, then Nyquist's criterion can be applied to the "minor-loop gain" given by the ratio Z ac,eq Y oc,v = Z ac,eq Z oc,v . From this, parametric sensitivity can be employed to observe how the relative stability changes as parameters are modified. This can potentially provide insights into how control is used to manipulate the output impedance to ensure stability and mitigate resonances under uncertainty.
In reference to classical methods, Nyquist's criterion as a tool is applied to the open-loop gain of a closed-loop system to establish its stability. 
Parametric Sensitivity and Stability Analysis
Often times, the main interest in resonance and interaction studies are the frequencies and magnitude of resonances. Particularly, the impact of control gains and grid parameters on the frequency responses observed in the AC grid. Such impacts are usually observed in the system responses during disturbances and parametric changes. Therefore, parametric sensitivity of derived impedances and admittances are carried out to obtain insights into the role of several important parameters in responses and the range of frequencies they influence. Secondly, parametric analysis provide a means to validate the efficacy of the technique in predicting the frequency response.
Sensitivity Analysis to Controller Dynamics
In this section, sensitivity analysis of the derived impedances/admittances to controller parameters is done. Specifically, the bandwidth of the inner current controller, in order to determine the impact on system responses. Figure 11 depicts the frequency response plot of the output admittance (without the DC voltage loop) to inner-loop proportional gain sensitivity. Clearly, the proportional gain based on internal model control behaves as a virtual damper. Ideally, to prevent the AC grid voltage from acting as a disturbance, it is required that Y oc,i (s) is as low as possible. However, k pi cannot be infinitely increased as this would result to chaotic oscillations in AC voltage, which was assumed to be perfect. However, it should be noted that Y oc,i (s) also depends on the sensitivity function of the control system S(s). Therefore, any means to obtain controller gains by minimizing Y oc,i (s) must also consider the closed-loop transfer function. Figure 12 depicts the time domain plot of the AC currents in the abc domain for the first case with 0.01 × k pi and the base case. The case with 0.01 × k pi shows a resonance at a frequency matching that was obtained from the frequency response plot of the output admittance in Figure 11 . A similar sensitivity analysis was carried out for the integral gain as depicted in the frequency response plot in Figure 13 . In general, the integral gain has no influence on harmonic resonance as can be observed from the plot, where the output admittance response remained negligibly low in all cases. However, the integral gain plays a role in control system performance, most importantly, reference tracking and settling time. Thus, the integral gain can be estimated based on best tracking response. On the contrary, as integral gain is increased substantially, integral gain induced oscillations start to appear. The time domain plot in Figure 14 shows that the integral plays little role in resonances for reasonable values. However, too low integral gain leads to very poor steady-state tracking. 
Output Admittance with Current Control Loop

Output Admittance with DC Voltage Control Loop
This section details the sensitivity analysis of derived theoretical impedances due to the inclusion of the DC grid dynamics and DC voltage control loop. The DC voltage loop is in part influenced by the AC inner-loop and vice versa and this is of interest in the event that the converter is bidirectional. Additionally, the DC grid dynamics results in an input impedance as derived in (16) . Both the AC output admittance and the DC input impedance provide information about resonances and possible instabilities on both sides of the converter. Figure 15 depicts the plot of sensitivity of the output admittance due to DC voltage loop to variation in proportional gain of the inner controller. As depicted, a low proportional gain of the AC controller results in a resonance around 12 Hz. However, compared to the plot of output admittance with an AC inner-loop depicted in Figure 11 , red plot, for the same parameter, the resonance magnitude is lower and the frequency is around 7.2 Hz. This clearly shows a remarkable difference between assuming a constant DC voltage, i.e., DC grid and voltage dynamics are ignored, and including the said dynamics. Figure 16 depicts the frequency response of the DC input impedance to k pi sensitivity, showing a similar resonance point as the output admittance Y oc,v . It also shows that the influence of k pi gain diminishes beyond the stable case as the responses almost match. Time domain plot of phase current in Figure 17 (top plot) shows the resonance with a matching frequency. However, beyond the base case value, k pi , the influence of AC inner-loop proportional gain on AC resonance diminishes as overall admittance remains negligibly low without resonance points. This shows the benefits of applying IMC principle in obtaining a perfect AC current compensator. Figure 16 . It also shows that beyond the base case, k pi gain plays no role on the DC side response, as plot of DC voltages are similar.
Similarly, for the integral gain of inner-loop, no influence on resonance was observed, as depicted in Figure 19 ; however, the integral gain still plays a role in steady-state tracking performance. The same applies to the DC voltages shown in Figure 20 . The integral gain of the outer-loop, k iv behaves similarly to that of inner-loop by having an insignificant impact on resonances. However, the integral gain is required for control system performance, particularly steady-state tracking. Thus, it cannot be completely disregarded. 
DC Grid Parameters
In this subsection, the impact of DC grid and its components on dynamic responses are studied. It has been shown from derivations that some dynamics from these components are transferred to the AC grid. An advantage of the theoretical procedure detailed in Section 3 is the capability to see from equations how components interact. From derived equations, the receiving terminal 'sees' the total sum of all capacitances directly connected to it. That is, for the HVDC link, equivalent capacitances at the receiving terminal C 1 and, similarly, C 2 at the sending terminal reflects as (C 1 + C 2 ) at the receiving end. This implies that the receiving terminal sees some dynamics from the sending terminal.
Subsequent to this, the DC bus capacitances are varied (cable capacitance was kept constant as cable distance was not varied). Figure 24 shows the frequency response of the DC input impedance to varying bus capacitances. For increasing total DC capacitance, resonance magnitude slightly decreases. However, frequency of oscillations also moves to the low frequency region, and second resonant points at the low frequency region start to appear as total capacitance is significantly increased. Particularly, such low frequency oscillations (<2 Hz) result in sustained oscillations that are difficult to detect as they are also of low magnitude, whereas, with lower capacitances, resonances are of higher frequency and magnitude; however, they damp out fast (behaving more like impulse disturbances). Figure 25 depicts the time domain plot of DC voltages with varying capacitances. 
Bode Diagram
Frequency (Hz) Figure 24 . Input impedance sensitivity to total DC capacitance with capacitances 0.1×, 1×, 10×, 100 × C DC,bus at both terminals, where C DC,bus is the nominal bus capacitance of 300 µF. Suffice to say, the influence of varying capacitances can be observed in AC side responses. This represents a compromise that must be made, but caution must be applied as this affects both the AC and DC grids and DC voltage oscillations may potentially transfer from one terminal to the other, influencing control efforts. It will be interesting to see how multi-terminal DC grids with increased capacitance will influence low frequency oscillations in the connected AC grid.
Harmonic Stability
Harmonic stability of the entire system on connection to a simplified AC grid (i.e., defined by inductive impedance) of defined short circuit ratio (SCR) and the DC link is carried out based on derivations in Section 3.3. Figure 26 shows the Nyquist plot of sensitivity with varying SCR with the same base data. Clearly, the system maintains stability for a realistic range of SCRs. As time domain plots of Figure 27 depicts, although the system remains relatively stable, resonances and oscillations start to develop as SCR reduces. Any reduction in SCR, change in DC grid, or controller parameter may lead to instability. To show this, stability sensitivity is carried out with a reduced SCR (10L grid ), with reduced proportional gain of the outer controller (0.1k pv ), and varying total capacitance of the DC side (C DC ). Figure 28 depicts the Nyquist plot for increasing DC capacitance. As can be clearly seen, the system is unstable for all three cases, despite the controller being stable for each case. However, as capacitance is increased, the system moves closer to the stable region. 
Conclusions
This paper has presented a parametric sensitivity analysis for resonance and stability performance of an integrated AC grid VSC-HVDC link system. This study has been carried out through the development of the impedance-based model of the entire electrical system (both DC and AC sides) and the converter controls in frequency domain. From the sensitivity analysis, it can be concluded that the control design parameters and and grid to be connected must be considered to ensure stability and avoid undesired dynamics. In addition, it is worth noting that, from the controller side, the proportional gain of the controller acts as a damper, in a similar way as resistance. On the other hand, the integral gain does not have great impact, but it is required to achieve steady state accuracy. Additionally, from the electrical component point of view, it can be seen that, with changing impedance response, there is a shift and change on the natural frequencies of the system, which may result in grid resonances, some of which are at the sub-synchronous level and even very low frequency regions. Finally, it is worth remarking that the grid impedance of the whole system plays a key role in the stability of the grid. Thus, this is crucial to develop the grid and controllers carefully since the impedance of grids with high penetration of power electronics is variable and dependent on current state, control, lines, etc. 
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Nomenclature
Appendix A. DC Voltage Equation of the HVDC Link
Consider circuit schematics of the HVDC link based on known nodal current injection as depicted in Figure A1 . Following the current directions of the sources and arbitrary cable direction from terminal 2 to 1 as indicated, the aim is to obtain the dynamics of the nodal voltages, V DC,1 and V DC,2 . Apply KCL to each of terminals 1 and 2, I DC,1 = I c1 − I cab , I DC,2 = I c2 + I cab ,
where Z c1 , Z c2 , Z DC,cab are the terminal capacitors' impedances and cable, respectively. I c1 and I c2 are the capacitor currents, and I cab the DC cable current. Applying Ohm's law to express branch currents in terms of nodal voltages, 
